INTRODUCTION {#SEC1}
============

Group II introns are self-splicing ribozymes that are believed to be progenitors of eukaryotic spliceosomal introns and retroelements ([@B1],[@B2]). The splicing process involves two consecutive transesterification steps giving rise to a free intron lariat and ligated exons ([@B1]) (Figure [1A](#F1){ref-type="fig"}). This reaction can be carried out by the RNA itself under high concentrations of salt and magnesium. In the cell or under physiological conditions *in vitro*, splicing requires a protein encoded by the intron itself. This intron-encoded protein (IEP) is translated from an open reading frame (ORF) that is looped out of the intron\'s catalytic core. IEP binding allows stabilization of tertiary interactions within the intron RNA under low salt and magnesium conditions ([@B3],[@B4]). In addition to maturase activity that is required for the intron\'s folding and splicing, the IEP also possesses reverse transcriptase activity, which is responsible for copying the intron RNA into DNA during retromobility ([@B1]).

![Group II intron splicing and structure. (**A**) The splicing pathway under self-splicing and IEP-assisted conditions. In both pathways, the intron (red) undergoes the same two consecutive transesterification steps, releasing the intron in the lariat form and ligating the two exons. Circled red 'A' denotes the branch point. Green blocks denote the IEP. (**B**) Secondary structure of the group II intron Ll.LtrB. The intron RNA is depicted in grey. Domains are labeled as DI-DVI along with their subdomains. Major tertiary interaction motifs are labeled in Greek characters, with key interactions highlighted by dotted lines (orange, cyan, hot pink and purple for α--α′, β--β′, κ--κ′ and μ--μ′, respectively). The κ--ζ region is indicated by the brown bubble. The catalytic triad in DV is indicated in red. IEP anchor site is indicated by the green box. EBS: exon-binding sequence, IBS: intron-binding sequence, SD: Shine-Dalgarno Sequence, AUG: translation start codon.](gkaa313fig1){#F1}

Although varying in primary sequence, group II introns are highly conserved in secondary and tertiary structure ([@B5]). The intron RNA is organized into six domains, DI-DVI (Figure [1B](#F1){ref-type="fig"}). DI is the largest and the first to be transcribed and folded. This domain contains numerous key motifs involved in an extensive network of tertiary interactions, including α--α′ and β--β′, which are essential for the entire RNA to fold. DI also harbors the exon-binding sequences (EBSs) that base-pair with intron-binding sequences (IBSs) within the intron\'s flanking exons. Folding of DI is modulated by a regulatory element in the κ--ζ region (Figure [1B](#F1){ref-type="fig"}), proper formation of which is early, magnesium-dependent, kinetically controlled and rate-limiting for tertiary collapse of the entire ribozyme ([@B6]). Well-folded DI provides a scaffold for the remainder of the intron to fold and connects through tertiary interactions with other domains ([@B5]). DII and DIII contribute structurally to the intron RNA by interacting respectively with DVI and DV, both of which are essential for catalysis. DIV contains the ORF that encodes the IEP, as well as a high-affinity anchoring site for this protein after its translation. The highly conserved DV is the catalytic domain that harbors the core of the active site. DVI is immediately upstream of the 3′-end of the intron RNA and contains the bulged adenosine, which initiates the nucleophilic attack that drives the first transesterification reaction. So far, various crystal structures of the intron RNA alone and a few cryo-electron microscopy (cryo-EM) structures of the intron as RNA-protein complexes have been reported, all demonstrating a well-packed intron RNA ([@B9]).

Group II introns occur in all domains of life ([@B2]). As mobile retroelements, most of them can spread themselves in the cell by invading DNA. Some group II introns can also disseminate horizontally through mobilization of other mobile elements with which they cohabit ([@B15]). Nevertheless, group II introns are only found in a limited number of bacteria, archaea and organelles of eukaryotes ([@B2]). In addition to the strong selective pressure against 'junk' DNA in bacterial genomes ([@B16]), a recent study showing that group II introns can inhibit host gene expression provides another possible explanation for the paucity of group II introns in contemporary organisms ([@B17]). Furthermore, the relative rarity of group II introns might also be explained by having been challenged by environmental conditions that drove them either to evolve or to be lost. It is therefore important to understand how group II introns respond to and survive environmental challenges.

In this study, we examined the *Lactococcus lactis* LtrB (Ll.LtrB) group II intron residing on a conjugative plasmid pRS01. The intron\'s host gene *ltrB* encodes a relaxase protein that is responsible for the plasmid\'s conjugal transmission ([@B18]). We found that splicing of the group II intron is sensitive to cold and that such sensitivity can be rescued by the IEP. Thus, this work supports the notion that cognate protein partners play fundamental roles in adaptation of ribozymes to unfavorable environmental conditions. We also demonstrate that relaxase mRNA levels are maintained at least partially because the reduction in excised intron minimizes degradative mRNA targeting. The result is that in the face of cold stress, which shuts down cellular processes, there is continued conjugal transfer of the plasmid with its resident intron, ensuring the persistence of both these mobile elements.

MATERIALS AND METHODS {#SEC2}
=====================

Strains and growth conditions {#SEC2-1}
-----------------------------

Ll.LtrB was expressed in the native host *L. lactis* strain IL1403 either constitutively (from pDL278 plasmid) or after nisin induction (from pCY20 plasmid, [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) as previously described ([@B17]). Cultures were grown in GM17 media (M17 broth supplemented with 0.5% glucose) in tightly-capped tubes or bottles at 30°C without aeration. Where suitable, the media contained spectinomycin (Spc) at 300 μg/ml, chloramphenicol (Cam) at 10 μg/ml, erythromycin (Erm) at 10 μg/ml, or fusidic acid (FA) at 25 μg/ml. The cell culture was initiated at 30°C. When the OD~600~ reached 0.5--0.6, the culture was shifted to lower (10°C or 20°C) or higher temperatures (40°C) in water baths for 10 min and grown for an additional 3 h (with the pCY20 strains induced with 0.4 μg/ml nisin). Analysis of EcI5 and BhI1 group II intron expression in *Escherichia coli* was performed as described previously ([@B17]). Briefly, *E. coli* MC1061 cells containing pET11a ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) expression plasmids were grown to OD~600~ 0.3, induced with 100 μM IPTG and grown in LB media with 100 μg/ml ampicillin at shifted temperatures with 250 rpm shaking for an additional 3 h.

Stress growth conditions {#SEC2-2}
------------------------

Anaerobic growth: Cultures were grown under regular conditions except that every step was completed in an anaerobic chamber. Aerobic growth: Cultures were grown in loose-cap tubes at 30°C with continuous shaking at 250 rpm for 3 h. Log phase growth: Cultures were grown under regular conditions until OD~600~ ∼0.3 and then induced for 3 h. UV treatment: Cultures were grown under regular conditions until OD~600~ ∼0.3, exposed to UV irradiation (10 000 μJ/cm^2^; 5 ml culture in a 60 × 15 mm petri dish), and then induced for 3 h. 10°C and 42°C: Cultures were grown to OD~600~ 0.5--0.6 under the regular conditions and then incubated at defined temperatures for 3 h after nisin was added. Glucose deprivation: M17 media was used without glucose. Osmotic shock: regular media supplemented with 0.6 M NaCl. Heavy metal stress: regular media supplemented with 0.2 mM copper(II) sulfate. Cultures were grown to OD~600~ 0.5--0.6 under regular conditions, spun down, and resuspended in corresponding media and induced at 30°C for 3 h.

Ll.LtrB IEP purification {#SEC2-3}
------------------------

The protein purification method was as previously described using the expression plasmid pImp-1P ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) containing the IEP ORF along with a bridging intein and a chitin-binding domain ([@B19]). Briefly, *E. coli* BL21(DE3) cells containing the plasmid were grown in LB media containing 100 μg/ml ampicillin to OD~600~ 0.6 at 37°C and induced with 100 mM IPTG at 25°C for an additional 6 h. The cells were collected and lysed. The cleared lysate was loaded onto a chitin column (New England Biolabs) and the protein product was obtained by dithiothreitol (DTT)-induced cleavage of the intein. The protein was then buffer exchanged with the RNP buffer (100 mM KCl, 5 mM MgCl~2~, 20 mM Tris--HCl (pH 7.5) and 1 U/μl murine RNase-inhibitor (New England Biolabs)) containing 25% glycerol, concentrated using an Amicon Ultra 15 ml centrifugal filter and snap frozen for storage at −80°C.

Intron splicing *in vitro* {#SEC2-4}
--------------------------

The Ll.LtrB intron precursor RNA (the 902-nt ΔORF ribozyme flanked by short IBS-containing exons, which are 27 nt and 26 nt for the 5′ and 3′ exons, respectively) was synthesized by *in vitro* transcription with a Megascript T7 transcription kit (Ambion) using a DNA template described previously ([@B20]). The RNA was recovered by Monarch purification columns (New England Biolabs), dissolved in water and heated at 65°C for 5 min immediately before use.

For self-splicing, the RNA was denatured at 65°C for 5 min and preincubated at appropriate temperatures for 30 min along with the 2× self-splicing buffer (3 M NH~4~Cl, 100 mM MgCl~2~, 80 mM Tris--HCl (pH 7.5) and 10 mM DTT). The RNA (5 μg) was then mixed with the 2× buffer in a 1:1 (v:v) ratio for a final concentration of 1.5 M NH~4~Cl, 50 mM MgCl~2~, 40 mM Tris--HCl (pH 7.5) and 5 mM DTT and incubated for 3 h. The reaction was terminated by adding ice-cold 100% ethanol to precipitate the RNA for analysis by primer extension or on an 8% urea/polyacrylamide gel stained with SYBR Green (Thermo Fisher).

For IEP-assisted splicing, the RNA (5 μg) was denatured at 65°C for 5 min and preincubated at appropriate temperatures for 30 min. The IEP (10 μg) and the 2× RNP buffer (200 mM KCl, 10 mM MgCl~2~, 40 mM Tris--HCl (pH 7.5) and 2 U/μl murine RNase-inhibitor) were also preincubated at same temperatures for 30 min. The RNA, the IEP and the 2× buffer were then mixed 1:2:1 (v:v:v) to reach a final concentration of 100 mM KCl, 5 mM MgCl~2~, 20 mM Tris--HCl (pH 7.5) and 1 U/μl murine RNase-inhibitor and incubated for 3 h. The reaction was terminated by adding chilled phenol and immediate vortexing, followed by phenol/chloroform extraction and ethanol precipitation for further analysis.

Reverse transcription primer extension {#SEC2-5}
--------------------------------------

Total RNA was obtained from cell pellets by phenol/chloroform extraction. Primer extension was done using SuperScript III Reverse Transcriptase (Thermo Fisher), according to manufacturer\'s instructions, with 4 μg of RQ1 DNase (Promega)-treated RNA and 0.4 pmol of oligonucleotide primers (IDT1073, IDT6823 and IDT6828 for Ll.LtrB, BhI1 and EcI5 introns, respectively) ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Primers were labeled with γ-^32^P (PerkinElmer) using T4 Polynucleotide Kinase (New England Biolabs). For the primer extension termination assay, ddTTP was added to replace dTTP in the reaction for detection of intron precursor and spliced intron. Products were separated on a 6% urea/polyacrylamide sequencing gel, which was exposed on a phosphor screen and scanned on a Typhoon Trio (GE Healthcare). The quantitation was done using ImageQuant (GE Healthcare).

Gel mobility shift assay {#SEC2-6}
------------------------

The intron RNA and the IEP were mixed as described above and incubated in the RNP buffer (100 mM KCl, 5 mM MgCl~2~, 20 mM Tris--HCl (pH 7.5) and 1 U/μl murine RNase-inhibitor) at 10°C or 30°C for 3 h. The mixture was then analyzed on a 4% native polyacrylamide gel run at 4°C followed by SYPRO Ruby staining (Thermo Fisher) according to manufacturer\'s instructions.

Selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) {#SEC2-7}
--------------------------------------------------------------------

For *in vitro* SHAPE in the presence of the IEP, 80 mM 1-methyl-6-nitroisatoic anhydride (1M6) dissolved in DMSO was added 1:9 (v:v) to the IEP-assisted splicing reaction for a final concentration of 8 mM at each temperature. The reactions were incubated for 10 min before cold phenol/chloroform was added for RNA extraction ([@B4]).

For *in vitro* SHAPE in the absence of the IEP, the same concentration of 1-methly-7-nitroisatoic anhydride (1M7) was used in addition to 1M6. The RNA was recovered by adding cold 100% ethanol at the end of the reactions and immediately put at −80°C for precipitation. After primer extension using intron-specific oligonucleotide primers ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), separation was achieved on a 6% urea/polyacrylamide sequencing gel. Quantitation was as described previously ([@B4]).

Northern blot {#SEC2-8}
-------------

Northern blots were prepared as previously described ([@B17]). Briefly, 7.5 μg of total RNA was separated on a 1.2% formaldehyde/agarose gel and then transferred to a hybond XL membrane (GE Healthcare). The membrane was then cross-linked and probed with γ-^32^P-labeled oligonucleotides (IDT1073 for the intron and IDT4685 for the mRNA, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}) in Rapid-hyb buffer (GE Healthcare). The membrane was exposed on a phosphor screen and scanned on a Typhoon Trio. The images were quantified using ImageQuant.

Western blot {#SEC2-9}
------------

Western blot analysis of LtrB relaxase was performed as previously described ([@B17]). Briefly, total cell lysate was separated on a 12% SDS-polyacrylamide gel and then transferred to 0.2 μM immuno-blot PVDF membrane (Bio-Rad). The membrane was blocked with 5% milk in TBS-T (20 mM Tris--HCl (pH 7.5), 140 mM NaCl, 2% Tween 20), incubated for 1 h with a 1/2,000 dilution of primary anti-relaxase antibody (gift from Gary Dunny, University of Minnesota), washed with TBS-T and incubated for 1 h with a 1/10 000 dilution of secondary HRP-labeled anti-rabbit antibody (Advansta). The imaging was done using chemiluminescent HRP substrate (Advansta WesternBright ECL) under a Bio-Rad ChemiDoc MP. For normalization, total protein from a Coomassie-stained 12% SDS-polyacrylamide gel was used as loading reference. Quantitation was done using Image Lab (Bio-Rad) software. For analysis of the IEP, after the 3-h induction, the same procedures were followed except that an anti-IEP antibody (Covance) was used as the primary antibody.

mRNA degradation {#SEC2-10}
----------------

For the pCY20 constructs, cells were grown at 30°C to OD~600~ 0.5, temperature-shifted and induced with nisin for 1 h before adding rifampicin to a final concentration of 0.2 mg/ml. For the pRS01 construct, cells were grown to OD~600~ 0.3, temperature-shifted and grown for an additional 2 h before adding rifampicin to a final concentration of 0.2 mg/ml. The cells were collected immediately at the end of each timepoint for analysis.

RT-PCR {#SEC2-11}
------

cDNA synthesis and amplification were performed using One*Taq* RT-PCR Kit (New England Biolabs) following the manufacturer\'s instructions. Briefly, 500 ng of DNase (Promega RQ1 DNase)-treated total RNA was used in a 20 μl first-strand synthesis reaction utilizing the randomized primer mix. Control reactions without reverse transcriptase added (RT-) were also performed. The first-strand synthesis reactions were then diluted to 50 μl, from which 2 μl was used for PCR amplification. The PCR reactions were performed utilizing specific primers ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) with the following conditions: 95°C for 30 s, (94°C for 20 s, 56°C for 30 s, 68°C for 15 s) × 27--32 cycles (individually optimized for each amplicon) and 68°C for 5 min. The amplicons were analyzed on 1% agarose gels.

Construction of pCY20 LtrB::Ll.LtrB ΔORF plasmid {#SEC2-12}
------------------------------------------------

To delete the ORF from DIVb of the Ll.LtrB intron in the pCY20 LtrB::Ll.LtrB plasmid ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), oligonucleotide primers IDT6858 and IDT6859 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), each containing an MluI endonuclease restriction site, were used to amplify the sequence flanking the ORF using CloneAmp HiFi PCR kit (Takara). The ∼12 kb PCR fragment was then digested with MluI (New England Biolabs) and ligated using T4 DNA ligase (New England Biolabs). The precise ORF deletion was verified by sequencing (EtonBio).

pRS01 conjugation {#SEC2-13}
-----------------

An approach similar to that previously reported ([@B17]) was used to test conjugation frequency for the inducible constructs, except that the donor cells were preincubated in cold before the overnight mating. Briefly, fusidic acid-resistant *L. lactis* IL1403 (FA^R^) was used as the recipient. *L. lactis* IL1403 pRS01 LtrB::tet (Erm^R^) with its *ltrB* gene interrupted was used as the donor, which also contained either the intronless plasmid pCY20 LtrB, or the intron-containing plasmid pCY20 LtrB::Ll.LtrB ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The donors and the recipient were grown to an OD~600~ of 0.5--0.6 and subjected to temperature shift. Nisin was added to a final concentration of 0.4 μg/ml and the cells were incubated at appropriate temperatures for 3 h. The recipient was grown for an additional 3 h. Equal amounts of donor and recipient cells were mixed at the end of the 3-h induction, collected by centrifugation and resuspended in fresh GM17 media to remove the nisin. The nisin-free resuspended cells were spotted on filters (0.45 μm pore size, Millipore) on GM17 plates, and incubated for 18 h at 30°C. The filters were washed with 5 ml GM17 in a 50 ml conical tube by vortexing. The wash was then spotted or plated for single colonies on GM17 plates containing 25 μg/ml FA and 10 μg/ml Erm for selection of transconjugants. Plates were incubated for 18 h at 30°C. To calculate the number of input donor, the donor strain was plated on GM17 containing 10 μg/ml erythromycin. Conjugation frequency was calculated as exconjugants per donor (Erm^R^FA^R^/Erm^R^).

For the native-donor conjugation experiment, *L. lactis* IL1403 pRS01 and *L. lactis* IL1403 (FA^R^) were used as donor and recipient strains for conjugation, respectively. The donor cells were grown to an OD~600~ of 0.5--0.6 and were subjected to temperature shift and continued incubation at appropriate temperatures for 3 h or 6 h. The conjugation rate was calculated in the same way as the induced construct.

RESULTS {#SEC3}
=======

Group II intron splicing *in vivo* is inhibited at low temperatures {#SEC3-1}
-------------------------------------------------------------------

Using an inducible expression construct, pCY20 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) ([@B17],[@B21]), we probed changes in the splicing of the Ll.LtrB intron upon exposure to various stressors that are commonly encountered by *L. lactis*. Among anaerobic and aerobic growth, glucose starvation, high and low temperatures, osmotic stress, copper, log phase growth and UV irradiation conditions, low temperature (10°C) in particular was striking in its inhibition of *in vivo* splicing efficiency (Figure [2A](#F2){ref-type="fig"}). The extent of the inhibition *in vivo* at 10°C was reproducibly between 75% and 90% (Figure [2B](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}). We further expanded this experiment and determined that such temperature effects begin at 17°C (Figure [2C](#F2){ref-type="fig"}), with 10°C yielding the lowest splicing efficiency among all temperatures tested (Figure [2B](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). At 10°C, cell growth still occurs, albeit to a much lower extent ([@B22]). As a result of the cold shock, both levels of the induced intron RNA and the IEP were significantly lower (Figure [2C](#F2){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Paradoxically, the mRNA level in cold was not only maintained but even increased with time (Figure [2C](#F2){ref-type="fig"}), despite the low levels of transcription and splicing (to be discussed later).

![Splicing of the Ll.LtrB intron is inhibited *in vivo* in the cold. (**A**) Cold shock selectively inhibits group II intron splicing *in vivo*. The Ll.LtrB intron RNA expressed from the pCY20 plasmid with nisin induction and under stress was examined by northern blot using an intron-specific probe. UT: untreated control; AA: anaerobic growth; Aer: aerobic growth; G-: glucose deprivation; 42°C and 10°C: growth at specified temperatures; OS: osmotic stress; Cu: growth in the presence of copper ion; Log: induction of expression in log phase; UV: UV irradiation. Products were separated on an agarose/formaldehyde gel before blotting. The splicing efficiency (Splicing %) listed under each lane is defined as the amount of spliced intron divided by the sum of the amounts of spliced intron and the unspliced pre-mRNA. The relative values to the untreated control are also listed. (**B**) Splicing efficiency of the intron is reduced under cold shock. Primer extension results compare splicing at 10°C and 30°C for 3 h. The oligonucleotide primer is 14 nt away from the 5′ of the intron. Primer extension products were resolved on an 8% urea/polyacrylamide gel. 'Mock' denotes the same reaction without RNA added. Splicing % is listed under each lane. (**C**) Northern blot showing levels of mRNA and intron at different temperatures and times. A splice junction (SJ) probe, an intron probe and a 16S rRNA probe were used to show the levels of mRNA, intron and 16S rRNA, respectively. The experiment was as described in panel A. '+' denotes a spliced intron as the positive control. 'UI' denotes sample from uninduced cells. Relative mRNA levels were normalized to 16S rRNA. Relative intron levels were calculated based on the sum of the precursor and the spliced intron and normalized to 16S rRNA. Plots for relative levels of the intron and the mRNA at 10°C and 30°C are shown on the right. (**D**) Temperature effects on *in vivo* splicing. Primer extension termination assay was used with addition of ddTTP to the same primer extension reaction as in panel B. This resulted in a 1--2 nt difference in cDNA lengths for the precursor and spliced product. Cells were grown at four different temperatures for 3, 6 or 24 h before analysis. Products of the primer extension were resolved on a 6% urea/polyacrylamide sequencing gel. Two bands are routinely observed corresponding to the intron lariat (red arrow). Splicing % listed below the gel images is defined as the amount of spliced intron (lower two bands) divided by all three bands indicated. Splicing % at 10°C and 30°C are plotted on the right.](gkaa313fig2){#F2}

To test if such results are reproducible using different expression systems, we employed a constitutive expression construct pDL278 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) ([@B17],[@B23]), with which we observed similar inhibition of splicing after downshifting the temperature ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Therefore, splicing inhibition of the group II intron at low temperatures is not an artefact related to the nisin-inducible promoter from the pCY20 plasmid.

According to minor structural variations, group II introns are classified into three subgroups IIA, IIB and IIC, and Ll.LtrB belongs to the IIA group. To test whether such cold-inhibition of splicing is a characteristic of other types of group II introns as well, we expressed a group IIB intron (EcI5, from *E. coli*) ([@B24]) and a IIC intron (BhI1, from *Bacillus halodurans*) ([@B25]) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) in *E. coli* MC1061 at 10°C, 20°C, 30°C and 37°C. We observed similar splicing inhibition effects upon temperature downshift (under 20°C) ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). It is thus likely that low-temperature sensitivity *in vivo* is a common feature of bacterial group II introns.

Cold abolishes Ll.LtrB self-splicing {#SEC3-2}
------------------------------------

To investigate the cold sensitivity of the RNA without the influence of the IEP, we employed intron RNA synthesized *in vitro* and subjected it to self-splicing conditions ([@B26]). Splicing was measured within the 10°C - 40°C temperature range after a 3-h incubation. The self-splicing efficiency was temperature-dependent, with 40°C and 30°C having the largest proportion of intron RNA spliced (Figure [3A](#F3){ref-type="fig"}, 85.4% and 57.3%, respectively). Interestingly, whereas the 20°C treatment allowed a small amount of splicing to occur (3.7%), at 10°C the self-splicing was completely abolished even after a 24-h incubation (Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}), implying that splicing was halted rather than occurring at a slower rate. Upon raising the temperature from 10°C to 30°C, the splicing inhibition was relieved (Figure [3C](#F3){ref-type="fig"}), suggesting that a thermal barrier prevented the ribozyme at 10°C from becoming catalytically active.

![Ll.LtrB intron self-splicing *in vitro* is abolished in the cold. (**A**) Inhibition of self-splicing with a 3-h incubation at 10°C. The *in vitro*-transcribed intron precursor was subjected to self-splicing in a buffer supplemented with 50 mM Mg^2+^ at 10°C, 20°C, 30°C and 40°C for 3 h and resolved on an 8% urea/polyacrylamide gel followed by SYBR Green staining. Lariat RNA migrates slowly on this gel type. (**B**) Splicing inhibition with extended incubation. The intron RNA subjected to self-splicing at 10°C and 30°C for 3 or 24 h was analyzed by primer extension as in Figure [2B](#F2){ref-type="fig"}. Primer extension products were resolved by 8% urea/polyacrylamide gel. 'Mock' denotes the same reaction without RNA added. Splicing % listed under each lane is defined as the spliced intron divided by the sum of the spliced intron and the precursor. (**C**) Reversibility of cold temperature effects on intron self-splicing. The intron RNA was subjected to self-splicing initially at one temperature for 1 h and then for an additional 1 h at the same temperature or a different one as indicated, after which the RNA was analyzed by primer extension as in Figure [2B](#F2){ref-type="fig"}.](gkaa313fig3){#F3}

Cold sensitivity can be rescued by the IEP {#SEC3-3}
------------------------------------------

The discrepancy in the extent of the splicing inhibition by cold between *in vivo* (∼10--25% splicing) and *in vitro* results (no self-splicing) prompted us to investigate the IEP's role in splicing under cold stress. We therefore carried out *in vitro* splicing assays with physiological buffering conditions in the presence of excess IEP purified from *E. coli* ([@B19]) at 10--40°C. Interestingly, at 10°C, in contrast to self-splicing conditions, a small portion of the intron was spliced with the help of the IEP after a 3-h incubation (Figure [4A](#F4){ref-type="fig"}, 5.9% splicing). Splicing was high at 20°C and 30°C (62.4% and 47.9%, respectively), whereas at 40°C there was barely any splicing (2.1%), likely because the IEP is inactivated (Figure [4A](#F4){ref-type="fig"}) ([@B27]). Binding of the IEP to the intron RNA in cold appeared within a normal range as shown by gel-shift assay ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Interestingly, with an extended incubation at 10°C (24 h), the IEP-assisted splicing was restored to almost the level of that treated at 30°C for 3 h (Figure [4B](#F4){ref-type="fig"}, 38.6% versus 41.3%). Thus, in the cold, the IEP alleviates the splicing inhibition and enables splicing, albeit at a lower rate.

![Splicing of Ll.LtrB intron in the cold is rescued by the IEP. (**A**) IEP-assisted *in vitro* splicing of the intron at different temperatures. The *in vitro*-transcribed intron precursor RNA was subjected to splicing in a buffer supplemented with 5 mM Mg^2+^ in the presence (+) or absence (--) of excess IEP at 10°C, 20°C, 30°C and 40°C for 3 h and analyzed by primer extension as in Figure [2B](#F2){ref-type="fig"}. (**B**) Recovery of IEP-assisted intron splicing by 24-h incubation. The *in vitro*-transcribed intron precursor RNA subjected to splicing at 10°C for 3 and 24 h was compared to that at 30°C for 3 h. Splicing reactions were analyzed by primer extension as described in Figure [2B](#F2){ref-type="fig"}.](gkaa313fig4){#F4}

Splicing inhibition is attributed to disrupted RNA folding in cold {#SEC3-4}
------------------------------------------------------------------

We next sought to determine the cause of splicing inhibition within the intron RNA. Inspired by various examples of RNA thermometers, which react to temperature shifts by changing their secondary and/or tertiary structures ([@B28],[@B29]), we probed whether the folding of the intron RNA is affected by the low temperature.

We used selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE) to probe the RNA *in vitro* in the presence and absence of the IEP at 10°C and 30°C ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The majority of the nucleotides at 10°C share the same modification profile as at 30°C, indicative of well-formed RNA secondary structures (Figure [5A](#F5){ref-type="fig"}). However, the 10°C SHAPE profile for nucleotides involved in some tertiary structures exhibited substantial changes. Particularly, nucleotides in DI involved in α--α′ and β--β′ interactions showed increased SHAPE reactivity (Figure [5A](#F5){ref-type="fig"}), suggesting disengagement of those two structurally essential tertiary interactions, which would disrupt the folding between the two halves of DI ([@B30]) (Figure [5B](#F5){ref-type="fig"}). The results also indicated that in cold, the nucleotides in DV involving the catalytic triad, κ′ and μ′ undergo extensive SHAPE reactivity changes, indicative of a disrupted structure at the center of the active site (Figure [5](#F5){ref-type="fig"}), which would explain the inability to splice. Although we did not observe changes at the junction of DII and DIII (J2/3), which forms part of the active site, SHAPE changes were exhibited in adjacent nucleotides. DII and DIII exhibited altered SHAPE profiles in cold as well, with DIII having increased flexibility at nucleotides in the DV-interacting μ motif (Figure [5](#F5){ref-type="fig"}). Moreover, nucleotides at and near the 5′ end of the intron exhibit strong SHAPE modifications, indicative of disturbance of the first step of splicing.

![SHAPE profiling reveals intron structure disruptions under cold shock. (**A**) Superimposed SHAPE profile representing overall differences between the 10°C and 30°C samples. SHAPE modifications were analyzed by primer extension on a 6% urea/polyacrylamide sequencing gel ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). SHAPE profiling was performed on the intron RNA subjected to IEP-assisted *in vitro* splicing at 10°C or 30°C for 3h. Differences in SHAPE profiles comparing 10°C to 30°C are highlighted in colors (red denotes increased SHAPE reactivity in cold and blue denotes decreases). Nucleotides shown in grey were excluded from SHAPE probing. (**B**) 3D illustration of important tertiary interactions displayed in panel A as shown in cryo-EM structure of the intron RNP (PDB: 5g2x) ([@B12]). Left: DIII locks DV (pink) into DI primarily via the μ--μ′ (purple) interaction. Right: DIa-c (yellow) makes contact with the distal DId (teal) primarily via α--α′ (orange) and β--β′ (blue) interactions, forming the essential DI scaffold. The catalytic triad nucleotides are denoted by enlarged black tubes.](gkaa313fig5){#F5}

The structure profiles of intron RNAs under self-splicing conditions were also investigated, showing generally similar results as those for the IEP-assisted counterparts. Exceptions, like nucleotides in the α motif, where different SHAPE profiles were revealed, are possibly due to increased RNA stacking in the high-salt environment ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

Cold effects on relaxase gene expression {#SEC3-5}
----------------------------------------

Within its native conjugative plasmid pRS01, the Ll.LtrB intron interrupts the *ltrB* gene ([@B18]). It was previously demonstrated that the Ll.LtrB intron targets and reduces levels of the mRNA from which it was spliced to a very low level, by a spliced-exon reopening (SER) reaction ([@B17]). We therefore carefully examined the relaxase mRNA level after cold treatment. Interestingly, despite both transcription and splicing being inhibited at low temperature, which resulted in a substantial reduction in level of the spliced intron, the mRNA level was maintained and even increased with time compared to 30°C (Figure [2C](#F2){ref-type="fig"} and [Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). Consistent with this paradoxical finding, which is in accord with destructive mRNA targeting by the intron ([@B17]), relaxase levels measured by Western Blot showed that at 10°C the relaxase level matched that at 30°C after a 3-h induction ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). This result suggests that a mechanism exists for maintaining relaxase levels in the context of a global decrease in translation ([@B31]). Since a similar construct that does not contain the intron also showed increased mRNA and relaxase levels in cold ([Supplementary Figure S6A and B](#sup1){ref-type="supplementary-material"}), high mRNA levels upon cold shock is unlikely due exclusively to the influence of the intron. Moreover, the build-up of mRNA over a longer time-course was also demonstrated by the constitutive construct pDL278 ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}), indicating that inducible expression is not the cause of *ltrB* mRNA accumulation under cold shock.

To discern the intron\'s role in the maintenance of relaxase mRNA levels in the cold, we measured mRNA turnover after rifampicin treatment, utilizing the pCY20 constructs with and without the intron present (Figure [6A](#F6){ref-type="fig"}). The results showed that the mRNA expressed from the intronless construct degraded at a slower rate in the cold, with a half-life of 81 min at 10°C versus 33 min at 30°C. Surprisingly, levels of spliced mRNA expressed from the intron-containing construct actually increased with time at 10°C, likely reflecting low levels of splicing, which ensures a supply of mRNA in the cold (Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}).

![Host relaxase expression and pRS01 conjugative transfer in the cold. (**A**) Relaxase mRNA turnover. Northern blot shows relaxase mRNA levels in the pCY20 constructs (intron+ and intron--) after rifampicin treatment for up to 50 min at 10°C and 30°C. Cells were grown to OD~600~ 0.5 at 30°C and shifted to 10°C or 30°C, followed by nisin induction for 1 h before rifampicin treatment. The RNA was analyzed using the splice junction (SJ) probe and the 16S rRNA probe as in Figure [2C](#F2){ref-type="fig"}. (**B**) Quantitation of the Northern blot results in panel A. Relaxase mRNA levels were normalized to 16S rRNA and plotted against time of rifampicin treatment. The slopes are indicated. Color code is the same as in panel A. (**C**) Deletion of the IEP ORF abolishes splicing and mRNA production. Northern blot results showing the intron RNA and mRNA levels for WT and ΔORF constructs at 10°C and 30°C. (**D**) Conjugation frequency of the pRS01 plasmid with relaxase (grey) provided *in trans*. The pRS01 plasmid (pink circle) is relaxase-minus (LtrB::Tet, as indicated by red cross). Relaxase was instead provided from the pCY20 plasmid (black circle) with (WT) or without (ΔORF) IEP expressed from a nisin-inducible promoter under cold shock. The origin of conjugation is denoted by the triangle. A separate experiment using uninduced WT donor cells at both 10°C and 30°C was done and yielded conjugation frequencies of less than 0.003 × 10^−4^ (data not shown). Exconjugants were counted on plates with single Erm^R^ FA^R^ colonies. The conjugation frequency for the WT and ΔORF constructs was calculated from results of six and three experiments, respectively. Spot tests (non-quantitative) on same media are shown to the right.](gkaa313fig6){#F6}

In addition, to compare relaxase mRNA levels to other cellular RNAs in the cold, we performed RT-PCR on messages transcribed from the pRS01 plasmid (*ltrM*, *ltrC*, *ltrE*, *ltrF*, *virD4* and *cluA*), as well as from bacterial genomic loci (cold shock-related genes *cspE* and *cspB*, heat shock-related gene *groES* and house-keeping genes *copA* and *gyrB*) ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). The results showed that most genes, including house-keeping genes and those transcribed from pRS01, had higher levels of mRNA at 10°C than at 30°C, as for relaxase mRNA. As controls, cold-shock protein mRNAs *cspE* and *cspB* were dramatically upregulated in cold, whereas the heat shock-related *groES* mRNA was higher at 30°C than at 10°C ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). Furthermore, RT-PCR after rifampicin-treatment showed that except for heat-shock *groES* mRNA, messages degraded more slowly in cold ([Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}), consistent with the notion that stability of prokaryotic mRNAs increases under stress ([@B32]). Taken together, under cold stress, slow intron splicing, reduced mRNA-targeting by the intron, as well as decreased RNA degradation all contribute to relaxase mRNA maintenance.

Cold effects on retromobility and horizontal transfer of the Ll.LtrB intron {#SEC3-6}
---------------------------------------------------------------------------

To investigate the retromobility of the intron under cold stress, we tested the retrotransposition frequency using methods described previously ([@B36]). As expected, we observed significantly reduced retrotransposition activity (∼30-fold decrease, data not shown), indicative of both reduced expression and mobility of the group II intron within the host cell at temperatures \<20°C.

Because the LtrB relaxase is essential for conjugal transfer of the Ll.LtrB intron\'s host plasmid pRS01, we next investigated the impact of cold on conjugation. The native pRS01 construct, which constitutively expressed relaxase, served as the conjugal donor (Erm^R^), and was incubated at 10°C for 3 or 6 h before mating with the recipient cells (FA^R^) overnight at 30°C. The number of exconjugants (Erm^R^ FA^R^) showed that whereas the 3-h treatment resulted in a slightly lower conjugation frequency compared to 30°C, a 6-h cold treatment yielded a conjugation frequency that was 4-fold higher than the cells treated at 30°C ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). This likely correlates to the levels of available mRNA upon mating ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}), as paralleled by the mRNA levels of the constitutively overexpressed construct treated in a similar fashion (the pDL278 construct, [Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}). This elevated level of conjugation could be attributed both to increased transcription or mRNA stability over time and to the paradoxical increase of mRNA caused by lower intron levels (Figure [2C](#F2){ref-type="fig"} and [Supplementary Figures S6C and S7B](#sup1){ref-type="supplementary-material"}).

To rule out the role of any pre-accumulated relaxase mRNA and protein prior to induction, we also tested pRS01 with inactivated relaxase, which was instead provided *in trans* by the inducible pCY20 constructs used previously ([@B17]). The results showed that a 3-h induction at 10°C yielded a similar conjugation frequency to 30°C (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}), consistent with the levels of the mRNA and protein at the beginning of the conjugation period (Figure [2C](#F2){ref-type="fig"} and [Supplementary Figure S6A and B](#sup1){ref-type="supplementary-material"}). In addition, conjugation frequencies of the same construct without the intron at both temperatures showed similar results ([Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}), consistent with their mRNA and relaxase levels ([Supplementary Figure S6A and B](#sup1){ref-type="supplementary-material"}), suggesting a similar general effect on relaxase gene expression as described above, in addition to influences imposed by the intron. In contrast, the same intron-containing construct with the IEP ORF deleted (ΔORF) or in which relaxase was not induced exhibited no conjugation activity in the absence of the IEP (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). These results not only argue against leaky nisin-induced expression after incubation in the cold, but also underscore the paramount role in splicing of the IEP, which is required for host conjugative relaxase expression and subsequent horizontal plasmid-plus-intron transfer.

DISCUSSION {#SEC4}
==========

Thermosensing RNAs as genetic regulators {#SEC4-1}
----------------------------------------

Among macromolecules, RNAs are distinctive for their structural versatility in varying thermal conditions. Temperature-sensitive non-coding RNAs, called RNA thermometers, are often used by cells to regulate genes required during either a heat shock or cold shock response ([@B29],[@B37]). Moreover, temperature shifts have been shown to induce transcriptome-wide RNA structural changes, which may be of regulatory significance ([@B38],[@B39]). In the current work, we found that the splicing of the group II intron Ll.LtrB was inhibited at low temperatures, and that such cold sensitivity is also shared by other classes of bacterial group II introns. It is therefore interesting to consider group II introns as RNA thermosensors that at low temperatures have disrupted higher-order structures, which can be restored upon temperature upshift (Figure [3C](#F3){ref-type="fig"}). These properties are similar to *cspA* mRNA, which is a thermosensor that regulates translation of cold-shock protein CspA ([@B40]).

Reasons for cold sensitivity of group II intron splicing {#SEC4-2}
--------------------------------------------------------

Unlike most large, well-structured RNAs such as group I introns, group II introns are known to have a smooth folding landscape, with the tertiary interactions forming with the assistance of DI to allow the RNA to achieve its native state ([@B7],[@B41]). A disrupted active site, which normally forms at DV, is likely the direct cause of the inability to splice at low temperatures. Whereas most secondary structures seem to form properly during transcription in the cold, the failure to form key tertiary interactions, including α--α′ and β--β′ (Figures [1B](#F1){ref-type="fig"} and [5](#F5){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), would prevent formation of the native conformation of the entire DI (Figures [1B](#F1){ref-type="fig"} and [5B](#F5){ref-type="fig"}), which has a central role in the correct folding of group II introns ([@B5],[@B42]). Also, increased SHAPE reactivity in the κ--ζ region (Figure [5A](#F5){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) may result in unsuccessful tertiary collapse of DI, attributable to a kinetic trap formed around the κ--ζ region, proper folding of which is essential for maturation of the entire ribozyme ([@B8],[@B43]). Further, the disruption of the κ--κ′ and μ--μ′ interactions (Figure [5](#F5){ref-type="fig"}) likely contribute to the misdocking of DV at the core of the active site.

It is also likely that the RNA would tend to be less flexible in cold due to decreased thermally dependent movements, making it difficult for tertiary interactions to form. Then, the IEP could facilitate establishment of tertiary contacts that are required for RNP structure and RNA catalysis ([@B3],[@B44]), as suggested by the ability of the IEP to rescue group II intron splicing at cold temperatures (Figure [4](#F4){ref-type="fig"}). Conversely, cold may negatively impact RNA--protein interactions, as the subdomains DIc2 and DId2 joined by β--β′, interact with the thumb domain of the IEP (Figures [1B](#F1){ref-type="fig"} and [5](#F5){ref-type="fig"}) ([@B12]). Regardless, the cold-sensitivity is inherent to the RNA, as demonstrated by the lack of self-splicing at low temperature. In the cell, molecular chaperones such as cold-shock proteins ([@B45]) may influence both the intron RNA and the IEP, which could explain the elevated splicing efficiency *in vivo* compared to IEP-assisted splicing *in vitro* (Figures [2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}A*)*.

Evolutionary implication of IEP-mediated thermal rescue {#SEC4-3}
-------------------------------------------------------

Coevolution of group II introns and IEPs has been proposed based on structural characteristics ([@B46]). Although numerous group II introns have been shown to splice better at high temperature *in vitro* ([@B25],[@B47]), splicing conditions involving the IEP or in-cell scenarios have not been adequately addressed. Our data suggest that it is advantageous for group II intron RNAs to have protein partners in the context of unfavorable and changing environments, in particular, temperature downshifts. In an RNA world, it would have been disadvantageous for the primitive introns to have impaired splicing in rapidly changing thermal conditions. Our results suggest that the advent of protein partners would have allowed the RNA to adapt to a wider range of temperatures, thus obtaining a significant advantage in evolution. The IEP is also capable of assisting splicing of a cognate group II intron when co-expressed in non-native hosts ([@B26],[@B48]), which often live at different ambient temperatures. Such protein-mediated effects could potentially facilitate the adaptation and spread of group II introns in non-native hosts. Taken together, RNP catalysis would seem advantageous over pure ribozyme reactivity ([@B49]), especially in shifting and unfavorable environments.

Temperature-regulated splicing may be a common feature shared by both group II introns and eukaryotic spliceosomes. For example, in mammals, alternative splicing of eukaryotic introns has been shown to change upon temperature shifts ([@B50]). In addition, temperature was shown to regulate splicing of the abovementioned cold-inducible RNA-binding protein gene *Cirbp* in mammalian cells ([@B51]). It is thus possible that such temperature-sensing is a vestige from the RNA world, with some of the more subtle roles of sensing delegated to protein factors, which together co-evolved into the spliceosome.

Cold-sensing, host gene regulation, conjugation and mobility of group II introns {#SEC4-4}
--------------------------------------------------------------------------------

Bacteria are known to exhibit a dynamic transcriptome upon exposure to stress conditions ([@B52],[@B53]). In this study we observed altered levels of the spliced intron RNA and mRNA *in vivo* in response to cold stress. The reduction in intron levels could be attributed to downregulated transcription in cold shock as well as to splicing inhibition. However, the maintenance or build-up of mRNA is more nuanced, considering that its production relies on transcription and splicing on one hand, and on decreased levels of cellular RNA decay that is facilitated and enhanced by the targeting of the mRNA by the intron on the other ([@B17]). Thus, the relatively high level of mRNA under cold stress is accounted for by both general decrease in cellular mRNA decay and low levels of the intron due to splicing inhibition, with a resulting reduction in SER (mRNA targeting). In addition to the reduced SER, the retarded splicing may also result in increased stability of the relaxase mRNA by preventing rapid mRNA build-up, which could trigger increased degradation ([@B54]). Splicing of the intron may thus not only serve as an additional layer of post-transcriptional regulation, but also fine-tune relaxase gene expression under cold stress, to help promote conjugation, thereby aiding bacteria as they adapt to fluctuating environments ([@B32],[@B34],[@B54]).

Although such regulation may be counterintuitive, the maintenance of conjugation, which results from increased relaxase mRNA levels, is actually in accord with both the conjugative plasmid and its resident group II intron as 'selfish' elements. As a general rule, transferring to a new host, whose integrity is not threatened, is considered favorable for selfish mobile elements ([@B55]) including conjugative plasmids ([@B56]). Since retromobility, one of the two ways for the Ll.LtrB intron to spread and thrive, is inhibited under cold stress (data not shown), the intron may benefit from conjugal transfer, by maintaining mRNA and therefore relaxase levels. Thus, by promoting horizontal transfer of the conjugative plasmid, the intron can piggy-back into a new host. Collaboration between conjugative and retrotransposable elements to promote horizontal transfer has been previously reported, whereby group II intron splicing generates relaxase for conjugation, whereas relaxase introduces DNA nicks that facilitate retrotransposition ([@B15]). As an extension of such collaboration between mobile elements, by functioning as a thermosensor of cold shock, the intron helps achieve not only spread of the conjugative plasmid on which it resides, but also its own survival.
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